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ABSTRACT 

Context. Extreme ultraviolet resonance lines of neutral and ionised helium observed in prominences are difficult to interpret as the 
prominence plasma is optically thick at these wavelengths. If mass motions are taking place, as is the case in active and eruptive 
prominences, the diagnostic is even more complex. 

Aims. We aim at studying the effect of radial motions on the spectrum emitted by moving prominences in the helium resonance lines 
and at facilitating the interpretation of observations, in order to improve our understanding of these dynamic structures. 
Methods. We develop our non-local thermodynamic equilibrium radiative transfer code formerly used for the study of quiescent 
prominences. The new numerical code is now able to solve the statistical equilibrium and radiative transfer equations in the non-static 
case by using velocity-dependent boundary conditions for the solution of the radiative transfer problem. This first study investigates 
the effects of different physical conditions (temperature, pressure, geometrical thickness) on the emergent helium radiation. 
Results. The motion of the prominence plasma induces a Doppler dimming effect on the resonance lines of He i and He n. The velocity 
effects are particularly important for the He n A 304 A line as it is mostly formed by resonant diffusion of incident radiation under 
prominence conditions. The Hei resonance lines at 584 and 537 A also show some sensitivity to the motion of the plasma, all the 
more when thermal emission is not too important in these lines. We also show that it is necessary to consider partial redistribution in 
frequency for the scattering of the incident radiation. 

Conclusions. This set of helium lines offers strong diagnostic possibilities that can be exploited with the SOHO spectrometers and 
with the EIS spectrometer on board the Hinode satellite. The addition of other helium lines and of lines from other elements (in 
particular hydrogen) in the diagnostics will further enhance the strength of the method. 

Key words. Line: formation - Line: profiles - Radiative transfer - Sun: prominences 



•rH . 1. Introduction lAnzer & Heinzelld2005l) . It d oes not, however, sign ificantly con- 

/\i ' tribute to the radiation losses dKuin & Poland! 19911) . In all cases, 

H ; It is still not clear how solar prominences reach a state of equi- it ap pears that in order to build realistic prominence models, de- 

. C5 , librium. However it is known that during the formation stage, tailed n on-LTE radiative transfer modelling is necessary, 
significant plasma motions are taking place. Similarly, mass mo- 
tions are important during the disappearance of prominences. 
Between these two stages of the life of prominences, one may 
also observe per iods of activity wi t h internal plasma m otions 

(see for example | Ofman et aLl EM |Kucera et alj UQQi) In or- Wg aim at faciHtati the interpretation of observations in 

der to make an accurate assessment of the energy budget in , ,. ,. ■ • • , . 

., , , . . b i the helium resonance lines in moving prominences, in order to 

solar prominences, detailed observations of a number of lines ^ Qur understandi of these d ic stmctures . This pa- 
formed at different temperatures are crucial. Among them, the . g thus deyoted tQ ^ smd of ^ effect of radial motionf , ^ 

helium lines are important, as they are strong and complement • , ,. ,. „, . c . 

, , , ,. F ,■■ r, ■ prominences on the helium resonance lines. We present the first 

the hydrogen lines to reveal the physical conditions of the promi- utations of the helium line files emitted b a movi 

nence plasma in different regions of the structure. However ex- Qmineace The p romin ence is modelled as a plane-parallel slab 

treme ultraviolet resonance lines of neutral and ionised helium . ■• .. ,, , , e , • ■ 

, , . , • • standing vertically above the solar surface and moving upward as 

are difficult to interpret as the prominence plasma is optically g soHd bod Thg helmm tmm ^ uted with a non local 

thick at these wavelengths. If mass motions are taking place, thermod amic equilibrium radiative transfer code. The mod- 
the diagnostic is even more complex. Furthermore , helium is „• . . , • K pq ™ „ . e r-. , 

& , , r ■, i , , f • elhng aspects are presented in § U\ The effect of Doppler dim- 

the most abundant element after hydrogen and therefore sig- ^ ^ investi ated in §E]for the EUV resonance lines of He i at 

nmcantly contributes to the energy budget, for instance by ab- ,„. ? , % , TT __. ? „ ... 

3 , ,. „. . B i ., e . u . 3 . 584 A and 537 A and He ii at 304 A. We focus on the line profile 

sorbing coronal radiation at wavelength below the He i lomsa- . , , ,. ,. .. ,f , 

, , . i- — n j ,^^^ t properties and the resulting integrated intensities normalised to 

tion threshold (A < 504 A) - see, e.g., | Andretta et al. | il999|); theif respective values when the prormne nce is at rest. We also 

study the effect of frequency redistribution in the line formation 
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Fig. 1. Schematic representation of the free-standing vertical 
prominence slab. The slab has a geometrical extension L along 
the line-of-sight to the observer, at the altitude 77 above the limb. 
The prominence plasma is moving radially outwards at the ve- 
locity V. 

2. Modelling of an eruptive prominence 

We follow the approach of Gontik akis et alj (Il997 a b) who com- 
puted the hydrogen spectrum emitted by an eruptive prominence. 
The prominence is modelled as a one dimensional plane-parallel 
slab standing vertically above the solar limb (Fig. [1). Its geo- 
metrical thickness along the line of sight and its altitude above 
the limb are free parameters. The other free parameters, which 
define the prominence atmosphere, are the electron tempera- 
ture, the gas pressure, and the microturbulent velocity. The inci- 
dent radiation field is identical on both sides of the prominence. 
Therefore the model is symmetrical and we need to solve all the 
equations in one half of the slab only. For this first study of the 
helium spectrum emitted by eruptive prominences, we only con- 
sider isotherm al and isobaric prominen c e mod els similar to thos e 
presented in lLabrosse & Gouttebrozd (12001 1 hereafter [LG01), 
although our code allows the inclusion of a transition region be- 
tween the cold prominence core and the hot surround ing corona 
(lLabrosse et al.ll2002t lLab rosse & Gouttebroze 20041). 

When the prominence is moving radially outwards, the inci- 
dent radiation coming from the solar disk and illuminating the 
structure is shifted to lower frequencies. Therefore we must take 
the motion of the material into account in the radiative transfer 
calculations. 

The numerical procedure has be en described elsewhere 
(lLabrosse & Goutte broze 2001, 2004, and references therein) 
and we sum it up as follows: 

1. Equations for pressure equilibrium, the ionisation and sta- 
tistical equilibria of the hydrogen atom are solved, together 
with radiative transfer for the hydrogen lines and continuum. 

2. Then, statistical equilibrium and radiative transfer equa- 
tions are solved for other elements. Here we focus on 
He i and Hen. The helium abundance is fixed at 0.10. The 
atomic model for He is the same as in LG01. It con- 
sists in 29 atomic levels up to n = 5 for Hei, 4 atomic 
levels up to n = 4 for Hen, and one continuum level 
for Hem. Energy levels and statistical weights are given 
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Fig. 2. Angle-averaged incident profiles in the prominence frame 
in the Hei 584 line for a prominence located at 50000 km 
above the limb, and for velocities ranging from (solid line) 
to 240 km s~' (step=80 km s" 1 ). The incident profile is shifted 
towards the red when the velocity increases. 



by IWiese et"aT1 (1 19661) . while t he photoionisation cross- 
sections come from TOPBASE dFernlev et al.l Il987l) . For 
Hei, collisional ionis ation and spont a neous emission coef- 
ficients are those of Benjam in et al.l (Il999l): e f fective col- 
lision strengths are given by iBeniamin et al.l d 19991) and 
iBenson & Kulanden (1 19721); and Stark broadening coeffi- 
cien ts are taken f romlDimitriievic & S ahal-Brechotl (1 19841) 
and iGrieml (11974. For He n, we use th e effective collision 
strengths of lAggarwal et al.l (I 1991lf l992): collisional ionisa- 
tion coefficients from Mi halas & Stond d 19681): and the spon- 
taneous emission coefficients are those of lAllenl dl973l) . 

The velocity-dependent incident radiation illuminating the 
prominence slab is represented by the mean intensity 



= ifo(v + ^-«',«')d„', 



(1) 



where /o(v, n) is the specific intensity of the incident radiation, n' 
is the direction of the incident photon, and V is the prominence 
velocity. Jq(v) is calculated at a given height, taking into account 
the center-to-limb variations (if any) of the incident radiation. In 
fact we neglect the center-to-limb variations of the helium EUV 
resonance lines studied here. In the remaining of this paper we 
will refer to the angle-averaged, height-diluted incident profile 
simply as the incident profile, unless otherwise stated. 

The incident radiation in the different lines and continua of 
hydrogen and helium is taken into account. For helium, we use 
gaussian incident line profiles for He i A 584 A (7(584) = 685 erg 
s~ l cm' 2 ST' 1 , FWHM=0.140 A), Hei A 537 A (7(537) = 75 erg 
s- 1 cm" 2 sr~\ FWHM=0.129 A), Hen A304 A (7(304) = 
7000 erg s 1 cirT 2 sr 1 , FWHM=0.100 A), and Hen A256 A 
(7(256) = 167 erg s" 1 cnr 2 sr' 1 , FWHM=0.084 A ). The incident 
radiation in the other helium lines is taken as in iHeaslev et al.l 
(1 19741) . except for He i A 6678 A where the incident intensity is 
the same as in Stellmacher&\Vjehrj d!997l) . The incident radi- 
ation in the different continua of Hei and Hen i s defi ned by a 
brightness temperature ta ble as inlHeaslev et al.l (1 1974b . but we 
use EUV fluxes given by iHeroux et al.l d 19741) for wavelengths 
below 300 A. 
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Fig. 3. Differences between CRD (dashed line) and PRD (solid line) for the profiles of the three helium lines at different velocities: 
0, 80, 160, and 240 kms~' from top to bottom. Abscissa is AA (distance to line centre) in A and vertical axis is specific intensity 
in erg s _1 cirT 2 sr~' A -1 . Model parameters are altitude H — 50 000 km, width L = 650 km, temperature T = 6500 K, and pressure 
p — 0.1 dyn cirT 2 . 



Figure [2] shows how the incident profile in the first Hei res- 
onance line at 584.3 A is modified by the outward motion of the 
medium. The Doppler effect induces a shift of the profile, and the 
variation of the Doppler shift with direction induces a distortion 
of the incident profile. This effect h as already been illustrated 
in several studies (see for instance iHeinzel & Rompoltl Il987t 
iGontikakis et alj[l99 7a). As the outward velocity increases, the 
central peak of the incident profile is less intense, it is moved 
towards the red, and the line width becomes larger. The same 
effect is also found for all other lines where the incident radia- 
tion is frequency-dependent, including the two other lines under 
study (He 1 537 and He n 304). Where no detailed incident profile 
is included in our code, the incident radiation is taken as constant 
across the line profile and therefore no Doppler effect arises. 

3. Results 

3. 1 . Frequency redistribution 



resonance lines is best described by a combination of com- 
plete frequency redistributio n (CRD) and coh erent scattering 
in the atom's rest frame (Heinzelet ai] ll987l) . This leads us 
to use the standard partial redistribution (PRD) approximation 
to treat the scatt e ring of the incident radiation. We know from 
IGontikakis et alJ {1997a) that for hydrogen emission in moving 
prominences, PRD leads to emerging line profiles which are dif- 
ferent than in CRD. Is it also the case for helium? 

We compare two cases. In the CRD case, all hydrogen and 
helium lines are treated in CRD, while in the PRD case, PRD 
is used for the hydrogen Lyman lines (Lye, Ly/3, and Lyy) 
and the Hei AA584 and 537 A and Hen A 304 A resonance 
lines. Our angle-averaged frequency redistribution function is 
a linear combinati on of the redis tribution functions Rn\ and 
Riua introduced by iHumme ^ (fl962h . With the branching ratio 
y = r r /(T r + F e ), where T r and Y c are the radiative and col- 
lisional da mping constants res pectively, our PRD redistribution 
function is (lOmont et al.lll972l) : 



It is well known that in solar prominences, the redistribution 
in frequency during the scattering of the incident radiation in 



R(v, V) = yRuA(v, /) + (!- y)flm A (v, v') 



(2) 
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Fig. 4. Same as Fig. [3] with the abscissa now in Doppler units and limited to 10 Doppler widths around line centre, and the intensities 
on the vertical axis now shown on a log scale. The thin solid line shows the incident line profile, gradually shifting towards the red 
as the prominence is moving radially upwards. 



RuiA(y, v') is taken to be equal to the complete redistribution 
function given by the product <p y ,tp Y > as in lMihalai d 1978b . where 
(p v is the normalised absorption profile of the line, and v and 
v' are the frequencies of the absorbed and re-emitted photons. 
Since the Lyman a line has extended wings, we use a frequency - 
dependent collisional damping coefficient ( Yel nik et al.l ll981). 
We impose y - in eq. (0 for lines treated with the standard 
CRD approximation. 

To investigate the effects of frequency redistribution we con- 
sider one prominence model with the following parameters: 
temperature T - 6500 K, pressure p = 0.1 dyncirT 2 , width 
L = 650 km, altitude H — 50 000 km, and n o microturbulent ve- 
locity. This is similar to the models u sed bv lHeinzel & Rom polt 
dl987l) and iGontikakis et al.1 (Il997al) . We present the emergent 
profiles of the He i AA 584 and 537 A and He n A 304 A resonance 
lines computed in CRD (dashed lines) and in PRD (solid lines) at 
different velocities (0, 80, 160, and 240 kms -1 ) in figures[3]and 
H Fig. g]is a close-up of Fig.[3]for A - 10A D < A < A + 10A D , 
with the abscissa given in units of the Doppler width Ap of each 
line instead of angstroms, and the intensities shown on a loga- 
rithmic scale. 



Fig. [3] shows that the Hei resonance line profiles differ be- 
tween the CRD and PRD cases at all velocities. First of all, the 
profiles computed with the CRD approximation lead to symmet- 
rical line profiles at all speeds. On the contrary, PRD leads to 
quasi-coherent scattering in the line wings. It can then repro- 
duce asymmetries that may be present in the incident line profile. 
When the prominence is at rest, our incident line in these calcu- 
lations has a symmetrical shape and therefore, the emergent line 
profile is symmetrical as well. However, when the prominence is 
moving, the incident radiation is stronger in the red than in the 
blue parts of the line (see for instance the shape of the incident 
profile at 584 A at different speeds in Fig. [2}. Thus the quasi- 
coherent scattering of the line-wing photons leads to higher in- 
tensities in the red wings than in the blue wings of the emitted 
lines. One can also note that the line self-reversal is more pro- 
nounced in PRD than in CRD, the line peaks having a higher 
intensity in the former than in the latter case while the intensity 
at line centre is the same. The peak intensities of the Hei res- 
onance lines are found between 2 and 3 Doppler widths from 
line centre. As far as the He n line is concerned, there is no obvi- 
ous difference in the line profiles computed in CRD and in PRD 
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Fig. 5. Comparison of the relative contribution of the Doppler 
core in the emitted line integrated intensities between CRD (dot- 
ted line) and PRD (solid line) calculations for Hei AA 584 (+) 
and 537 A (*) and He n A 304 A(O). Same model as for Fig. [J] 



when shown on a linear scale. Here again there are asymmetries 
in the wings of the PRD profiles that do not exist in CRD and 
which are best seen on a log scale. 

Finally, one can see that asymmetries are significant in the 
profile of the 584 A line at low speeds (say less than 150 km s~') 
in the PRD case. In fact, the intensity in the far wings increases 
with speed in the red, and decreases with speed in the blue, thus 
enhancing the asymmetry of the line profile as the velocity gets 
higher. The line asymmetries are more obvious for this line be- 
cause the wings contribute for the largest part to the emitted radi- 
ation, as discussed below. The asymmetry in the PRD profile of 
the He n line also increases with the velocity of the prominence 
material, although the low intensity in the line wings makes this 
fact less visible. 

In addition to the emergent line profiles within 10 Doppler 
widths of the central wavelength, we show in Fig.|4]part of the 
incident line profile (thin solid line). The comparison of the in- 
cident and emergent line profiles on Fig.|4]unveils the formation 
mechanisms for the resonance lines of He i and He n. The latter 
line is the simplest to understand. The fact that the emergent in- 
tensity at line centre is exactly the incident intensity times the 
dilution factor reflects what we already know, namely that this 
line is solely formed by the scattering of the incident radiation. 
Note that this is true at all velocities considered here. This makes 
the He n 304 line an excellent proxy for the diagnostic of radial 
speeds in eruptive prominences, and this is confirmed in the rest 
of this paper. 

When the prominence is at rest, the emergent intensity of the 
first He i resonance line at 584 A at line centre is the same as the 
incident intensity (with the dilution factor taken into account), 
again an indication that the scattering of the incident radiation 
plays a major role in the formation of the line. However, when 
the prominence velocity is increasing the emergent intensity at 
line centre is higher than the incident intensity, which implies 
that there are other processes at work. These other processes 
mainly consist of collisional excitations and coupling with other 
transitions (principally between the singlet states of the He i sys- 
tem). 

The He i 537 line exhibits the same type of variation as the 
584 A line, with an interesting additional feature. When the 
prominence is at rest, the emergent intensity at line centre is 



Fig. 6. Comparison of the relative integrated intensities (inte- 
grated intensities normalised to the intensity at rest) between 
CRD (dotted line) and PRD (solid line) calculations for Hei 
,U584 (+) and 537 A (*) and Hen ^304 A(O). Same model 
as in Fig. [3] 



actually less than the incident intensity. Although the main for- 
mation mechanism of the radiation still is the scattering of the 
incident radiation, the interlocking between the atomic states of 
He i plays a key part in this case. When the upper state of the 
transition is excited through the incident radiation at that wave- 
length, it may come back to a lower energy state by other routes 
than the direct re-emission of a photon at 537 A. For instance, 
there might be a process involving photo-ionisation of the up- 
per level of this transition followed by radiative cascade to the 
ground level. 

The form of the frequency redistribution function implies 
that most of the differences between CRD and PRD emergent 
line profiles eff ectively arise beyond 2-3 Dopp ler widths from 
the line centre dHummerill962T; lMihalas|[l978h . At 6500 K, 3 
Doppler widths correspond to approximately 30 mA, 28 mA, 
and 16 mA for the Hei 584, 537 and Hen 304 lines respec- 
tively. Figure [5] gives the relative contribution of the Doppler 
core for each emitted line (integrated intensity for wavelengths 
Aq - 3AAd < A < Ao + 3A/lo normalised to the total integrated 
intensity of the line) as a function of radial velocity. In the CRD 
case (dotted line) as in the PRD case (solid line), the most im- 
portant contribution for the He i 584 line intensity comes from 
the wings: 63% (54%) at zero velocity in CRD (PRD), up to 
82% (67%) at 240 kms~'. On the other hand, the Doppler core 
has a predominant contribution for the Hei 537 and Hen 304 
lines. For these latter lines, PRD effects in the line wings (where 
the intensity is already low) are therefore less noticeable, which 
explains the behaviour of the line profiles (Fig. 01 and of the rel- 
ative intensities (Fig. [6j. Thus the effect of PRD will be more 
important for the Hei line at 584 A. For this line, the far wing 
contribution is decreased in PRD compared to CRD, but it re- 
mains predominant in the total emitted intensity. 

Figure [6] shows the relative intensities (integrated intensities 
normalised to the intensity at zero velocity) as a function of the 
outward velocity of the structure for the same prominence mod- 
els. Note that the effect of outward motion is a Doppler dimming 
effect on our three helium lines. This is expected as the incident 
lines are emission lines. Fig.|6]shows that the effect of frequency 
redistribution on the relative intensities is especially important 
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Fig. 7. Emergent intensities in erg s _1 cirT 2 sr~' as a function of 
radial velocity for He i AA 584 (upper left panel) and 537 A (up- 
per right) and Hen A 304 A(lower left). The lower right panel 
shows the variation of the relative populations (populations nor- 
malised to the population at zero velocity) with speed for levels 
'S ls2p of He i (5: upper level of the resonance transition at 584 
A) and n = 2 of He n (3 1 : first excited state of He n, ie. upper 
level of the resonance transition at 304 A). Dotted lines are for 
CRD computations and solid lines for PRD computations. Same 
model as in Fig. [3] 



for the first resonance line of He i at 584 A and we have seen 
that this is mainly due to the wing contribution in the emitted 
intensity. The line relative intensity in the PRD calculations is 
smaller than in the CRD case, and the difference between the two 
increases with velocity. For the He 1 537 A and He n 304 A lines, 
CRD and PRD lead to similar relative intensities at all velocities, 
indicating that the variation with radial velocity of the balance 
between the different formation mechanisms of these lines is not 
affected by the details of the frequency redistribution. 

However, as already shown by the examination of the spec- 
tral line profiles in Fig. [3] the absolute intensity of the Hei 537 
line is different in PRD than in CRD. In figure [7] we show the 
variation of the absolute intensities of the three lines under study 
as a function of speed for both CRD and PRD cases, together 
with the variation of the mean populations of the upper levels of 
the resonance transitions at 584 A and 304 A. We do not show 
the variation of the population of the upper level of the resonance 
transition at 537 A as it is fairly similar to the variation of the up- 
per level of the 584 A line. Whatever the type of the frequency 
redistribution, the effect of Doppler dimming on the resonance 
lines is a decrease of the populations of the upper states of these 
transitions. This is particularly striking in the case of the popu- 
lation of the first excited state of He n. The effect of the radial 
speed of the prominence material on the mean populations of 
the He i singlet states involved in the resonance transitions is es- 
pecially important between 50 and 150 km s . At lower speeds, 
the incident radiation is still in resonance with the line absorption 
profile. At higher speeds, other mechanisms such as collisional 
excitations and atomic states interlocking prevent the fall-off of 
the population densities. 

The consideration of the variation of the relative intensities 
with the radial velocity of the prominence allows us to better 
identify the parts played by the scattering of the incident radia- 
tion on one hand, and other processes such as thermal excitation 



Fig. 8. Relative intensity as a function of velocity at 8000 K 
(solid line) and 15 000 K (dotted line) for Hei ^584 (+) and 
537 A (*) and He n A 304 A (O). 



on the other hand. The main conclusion is that it is important 
to compute the helium spectrum in PRD if we want to compare 
the calculations with observations and infer plasma parameters 
in moving prominences. Still, CRD seems to be a good approx- 
imation for the He n line, despite the fact that the redistribution 
for this line is governed by quasi-coherent scattering. The ex- 
planation lies in the fact that the wing intensities are too low to 
notice the difference between CRD and PRD. 



3.2. Sensitivity to temperature 

We now present PRD computations to show the sensitivity on 
the temperature of the relative integrated intensities and abso- 
lute line profiles for different velocities of the plasma. For this 
we compute several prominence models at two different tem- 
peratures (8000 K and 15 000 K) for velocities between and 
400 km s _1 , keeping other p arameters fixed. These m odels are 
si milar to the GHV models ( Goutt ebroze et al. 1993) presented 
bv lGontikakis et alj dl997aHblK 

Figure [8] shows the relative intensities of the three helium 
lines as a function of the velocity of the structure. One can see 
that there is little difference between the two temperatures for the 
He ii line. In other words the integrated intensity of the He n line 
at 304 A is affected by velocity in a similar way at 8000 K and at 
15 000 K. At these temperatures, the contribution of collisional 
excitation is negligible in this line (LG01). 

The situation is different for the He i resonance lines, since 
the relative intensity profiles at 15 000 K differ from those at 
8000 K. The reason for that is twofold. First, the increase in 
temperature broadens the absorption profile of the lines, thus ef- 
fectively enhancing the amount of resonant scattering. Second, 
at high temperatures, the collisional excitation is not negligible 
for these lines. For each of the He i lines, the differences between 
the cold and hot prominence in the line formation processes be- 
come more evident as the velocity increases. This reflects the 
fact that the contribution of resonant scattering in the formation 
of the lines decreases with increasing velocity, hence the differ- 
ence due to higher collisional rates is more visible at high speeds. 
At high velocities (greater than 150 km s~'), the relative inten- 
sity at 15 000 K is greater than the relative intensity at 8000 K 
for all lines. Finally, at high temperatures, the relative intensities 
are less dependent on the velocity when the latter is high. We 
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He i AA 584 (+) and 537 A (*) and He n A 304 A (O). 



may need to stress that in Figs.[8][T0] and[T3] the information on 
the effect of varying one particular parameter (temperature, pres- 
sure, or slab width) on the absolute values of the emergent inte- 
grated intensities is lost, as only relative intensities (normalised 
to the intensiti es at re st) are shown. However this information 
can be found in ILGOIL 

The diagnostic of the plasma parameters is made possible by 
a careful study of the full line profiles. Figure[9]shows the helium 
line profiles at different velocities for temperatures of 8000 K 
and 15 000 K. When the prominence is static, the emergent line 
profiles are symmetrical. When the prominence is not static, the 
asymmetries of the profiles increase with speed, whatever the 
temperature is. At a given speed, the line integrated intensity 
is higher at 15 000 K than at 8000 K, and the intensity at line 
centre is identical for both values of the temperature. The latter 
arises from the fact that the plasma is strongly optically thick at 
these wavelengths at both temperatures, so that the line centre is 
saturated. Additional photons created by enhanced thermal pro- 
cesses, for instance, will only be able to escape the plasma after 
several scatterings that will shift their frequency away from the 
line centre. 

3.2.1. He i A 584 A 

At 8000 K the optical thickness at 584 A is higher than at 
15 000 K, because of the larger population of the ground level 
of He i (lower level of the transition). While the core of the line 
is broader when the temperature increases, the intensity in the 
line wing decreases because there is less scattering. For the low 
temperature and low speeds one notices an asymmetry in the line 
profile, with some intensity enhancement in the red part of the 
profile. For both temperatures the reversal at line centre is more 
pronounced with increasing velocity. At high temperature the 
asymmetry in the line profile is less pronounced than at low tem- 
perature. The enhancement in the red wing compared to the blue 
one is best seen on a semi-logarithmic scale. The lower amount 
of thermal emission at 8000 K makes the signature of the veloc- 
ity effect more visible than at 15 000 K. For all non-zero veloc- 
ities, the incident profile, which is a single-peak emission line 
(see Fig. |2]), is quasi-coherently scattered in the red wing of the 
line. 
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Fig. 12. Population density of the ground level of He n as a func- 
tion of velocity. The thickest lines refer to the mean population, 
the medium-thick line shows the level population at the surface 
of the slab, and the thinnest line corresponds to the population at 
slab centre. Solid lines: reference model with P — 0.1 dyn cm -2 ; 
dashed lines: low-pressure model with P = 0.01 dyn cm -2 . 

3.2.2. He i ,1537 A 

As for the 584 line, the intensity in the wings of the 537 A line 
decreases when the temperature is higher, because the opacity in 
the line is lower at 15 000 K than at 8000 K. However the line 
core is broader at high temperature than at low temperature. At 
8000 K we see a central peak with two small peaks in the wings 
(due to high opacity) for the static model. When velocities are 
present, the central peak disappears and instead we find a re- 
versal at line centre, which becomes more pronounced at higher 
velocities. The situation is the same at higher temperatures ex- 
cept that there is a self-reversal in the line core already for the 
static model. The same remarks as for the 584 A line about pro- 
file asymmetries apply to the 537 A line: at a given temperature, 
the intensity in the red wing of the profile increases with veloc- 
ity. At a given speed, the profile is more symmetrical at high 
temperatures than at low temperatures. 

3.2.3. Hen A 304 A 

Helium ionisation is higher at 15 000 K than at 8000 K and there- 
fore the plasma is more optically thick for this line (as well as 
at the head of the He n continuum). Consequently the scattering 
of radiation in the line wings is enhanced when the temperature 
is higher, and the line core is broader. The intensity of the He n 
304 line is mainly dependent on the incident radiation, under the 
physical conditions considered in this study. 

3.3. Sensitivity to pressure 

We now look at similar prominence models (T - 8000 K, L = 
2000 km) at two different pressures: p = 0.1 dyncrrT 2 and p = 
0.01 dyncirT 2 . The relative intensities as a function of velocity 
are shown in Fig.QJJ while Fig. QT| presents the corresponding 
line profiles for velocities ranging between and 400 kms -1 . 
The asymmetries in the line profiles increase with velocity, but 
are similar at both pressures. 

Fig. [10] shows that the relative intensities of the He i reso- 
nance lines are greater at higher pressure, while the opposite is 
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Fig. 13. Relative intensity as a function of velocity for a slab 
width of 200 km (dotted line) and 2000 km (solid line) for He i 
AA 584 (+) and 537 A (*) and He n A 304 A (O). 



true for the Hen line. An interesting feature is that at low pres- 
sure, the relative intensities are the same for the 584 and 537 A 
lines. This reveals very similar mechanisms of formation for the 
two lines at low pressures, dominated by radiative processes be- 
cause of lower electron densities and of the plasma being opti- 
cally thin at the head of the Hei resonance continuum (504 A). 
The increase of the radial velocity affects both line intensities in 
the same way. When the pressure is higher, the contribution of 
collisions in the formation of the lines becomes more important, 
and the relative intensities of the two resonance lines become 
different. The line profiles of the He i lines are narrower at low 
pressure than at high pressure (Fig.[TTI). a consequence of lower 
collisional broadening and lower optical thickness. For all values 
of the velocity, the increase of pressure leads to enhanced scat- 
tering in the wings of these lines, while the line core is saturated. 

The pressure has only a small effect on the relative intensity 
of the He n 304 A line, and indeed on the line profile. We explain 
it as follows: as the pressure is increased, the helium density is 
enhanced. In particular the population of the ground state of He n 
is larger at the edge of the prominence slab, while it is smaller 
in the main prominence central part (Fig. [P2t , Therefore the de- 
crease of opacity in the 304 A line is almost compensated by 
an increase in the He n ground state population at the slab sur- 
face where the scattering of the incident radiation takes place. 
Consequently the intensity in the line wings is not drastically af- 
fected by the pressure variation. The intensity in the line core is 
not strongly modified by the change in pressure at this temper- 
ature: the profiles are slightly broader at low pressure. For both 
values of the pressure, this line is mainly formed by the resonant 
scattering of the incident radiation, leading to a strong sensitivity 
to the velocity of the plasma. Figure [12] also shows that at low 
pressures, the population density of the He n ground level is the 
same everywhere in the prominence slab, and is not affected by 
velocity. 

3.4. Sensitivity to slab width 

Finally, we study the effect of varying the slab width to repre- 
sent different types of prominence threads. Keeping other pa- 
rameters fixed to T = 8000 K and p = 0.1 dyncirT 2 , we com- 
pute the emergent line profiles for two slab widths: L = 200 km 



and L - 2000 km. The outward velocity varies again from to 
400 km s _1 . The relative intensities are shown in Fig. [13]and the 
line profiles on Fig. [14] 

Fig. [13] shows that the relative intensities of the three EUV 
lines studied here respond to the variation of the width of the 
prominence slab in different ways. The relative intensity profile 
of the He n 304 line is virtually identical in the thin and the thick 
cases, and indeed, the He n 304 line profiles for the thin and thick 
prominences are very similar (Fig. IT4b. In fact, the contribution 
of the radiative component in the source function of the line is 
not affected by the change in slab width. Therefore the velocity 
signature is identical in both cases. 

The He i lines relative intensities show more sensitivity to 
the thickness of the prominence slab. The relative intensity of 
the 584 line is particularly sensitive to the slab width at low 
speeds. At high velocity the relative intensities for the thin and 
thick cases are almost identical. Also, it can be seen that the 
relative intensity of the 584 A is not strongly dependent on the 
plasma velocity above 200 kms _I when the slab width is small. 
The properties of the relative integrated intensity of the He i 584 
line with the slab width, and the differences with the 537 A line, 
are explained by the fact that for the 584 A line, the wings are 
the dominant contributor to the emitted intensity. The wings are 
formed more deeply in the prominence slab, while the line core 
is formed closer to the surface. The asymmetries in the line pro- 
files due to the Doppler dimming effects are similar for a slab 
200 km thick and for a 2000 km thick slab. In both cases, the 
increase of the velocity increases the reversal at line centre and 
the asymmetry. 



4. Conclusions 

In this paper we have studied the effect of radial motions in 
prominences on the helium resonance lines Hei 584 A, Hei 
537 A, and Hen 304 A. 

The consideration of partial redistribution in frequency 
(PRD) is necessary to compute the profiles of the helium res- 
onance lines emitted by moving material in prominences. This 
moving material could correspond to upwards/downwards mass 
flows in active prominences or ejected plasma in erupting promi- 
nences. 

The study of the variation of the relative intensities of the 
helium resonance lines with the radial velocity of the plasma in- 
dicates that the Doppler dimming effects are essentially present 
when the relative contribution of thermal emission compared to 
the scattering of incident radiation in the lines studied is low. 
At velocities larger than 150 kms~', most prominences show a 
strong sensitivity to the motion of the plasma in the He n 304 A 
line, and to a lesser extent, in the He i 584 A and 537 A lines. 
At lower velocities, all He i and He n EUV resonance lines are 
sensitive to Doppler dimming. 

It has been shown in this paper that most of the informa- 
tion on the radial velocity can be obtained through the variation 
of the relative integrated intensity, ie. by measuring the amount 
of Doppler dimming on the EUV resonance lines of helium. 
Although this measurement is difficult to perform (mainly be- 
cause one has to be observing at the right place and at the right 
time), the current space-based instruments such as EIT, SUMER, 
and CDS on SOHO, as well as TRACE and Hinode, are able to 
obtain a temporal series of intensity measurements covering an 
entire prominence eruption, starting before the radial motions 
take place. In this case it is possible to measure the dimming in 
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intensity, and to compare it with our predicted relative intensity 
curves. 

In a future study, a more comprehensive diagnostic of the 
prominence plasma will be done through a comparison between 
the observed and our computed line profiles. Detectors with a 
spectral pixel size around 0.05 A or less (e.g. the SUMER instru- 
ment on SOHO) are ideal as they allow line asymmetries to be 
observed. A lower spectral resolution still allows good compar- 
ison with theoretical line profiles, however it makes the task of 
finding a unique model that fits the observed optically thick pro- 
files more difficult. The line intensity of He n 304 may be used 
without knowing the line profile for measuring the radial speed 
of the erupting prominence. In combination with the study of the 
apparent motion of the prominence material brought by imagers 
on SOHO, Hinode, and STEREO, the full velocity vector will be 
inferred. 

We have developed a powerful diagnostic tool that will sig- 
nificantly improve our understanding of the thermodynamical 
parameters of active and eruptive prominences. Using this set 
of three helium lines (He i AA 584 and 537 A and He n A 304 A) 
allows to constrain the models in order to reproduce the observa- 
tions. Adding more lines such as hydrogen lines will yield even 
better constraints. We will better understand the differences be- 
tween typical erupting prominences showi ng the same morphol- 
ogy in He n and in Ha dWiding et al.ll986h . and abnormal erupt- 
ing promi nences showing ex tensive emission in He n but noth- 
ing in Ha (Wa ng et afl [l998). This will be the subject of a future 
work. 
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Fig. 9. Line profiles for T = 8000 K (solid line) and T = 15 000 K (dashed line), with p = 0.1 dyncrrT 2 , and L = 2000 km, at 
different velocities: 0, 40, 80, 120, 200 and 400 km s _1 from top to bottom. Abscissa is AA in A and vertical axis is specific intensity 
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Fig. 11. Line profiles for p = 0. 1 dyn cm 2 (solid line) and p = 0.01 dyn cm 2 (dashed line), with T = 8000 K and L = 2000 km, at 
different velocities (same as in Fig. [9]). 
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Fig. 14. Line profiles for L = 2000 km (solid line) and L = 200 km (dashed line), with T = 8000 K and p = 0.1 dyncm" 2 , at 
different velocities (same as in Fig. [9]). 



